Objective: To assess the accuracy of PIMA Point-of-Care (POC) CD4 testing in rural Rakai, Uganda.
Introduction
Assessment of eligibility for antiretroviral therapy (ART) in low and middle-income countries (LMIC) is dependent on CD4 Tlymphocyte enumeration and, if unavailable, WHO clinical staging. [1, 2] . Additionally, CD4 testing is frequently used to monitor patients on ART. In most clinical settings, CD4 enumeration has typically used flow cytometry which has excellent precision, accuracy, and reproducibility. However, flow cytometry requires fresh venous blood and subsequent processing is often at a central facility distant from the sample collection point. Consequently, there is a significant time lapse from sample procurement to return of results, with delays in decisions on ART eligibility and initiation. These delays are a barrier to care and can result in losses to follow-up with negative patient and programmatic outcomes [3] [4] [5] [6] .
Point-of-care (POC) CD4 T-lymphocyte enumeration is a promising technology that could mitigate many of the barriers and delays associated with flow cytometry and improve access to care. POC CD4 testing could allow timely return of CD4 results to providers and patients, obviating the need for repeated patient visits and rapidly linking patients into care. Several evaluations of POC CD4 technology have been reported, but results have not been entirely consistent, and study settings have been largely confined to central laboratories in urban locations [7] [8] [9] [10] [11] [12] [13] . Important questions remain about how this technology compares to established methods in primary healthcare settings. We conducted a field evaluation of the PIMA POC CD4 test system (Alere Inc., Waltham, MA) in a rural setting in Rakai, Uganda.
Materials and Methods

Study Population
Rakai district in southwestern Uganda has a population of approximately half a million in a rural area of about 5,000 square kilometers. The Rakai Health Sciences Program (RHSP) is a community-based research organization with a focus on HIV/ AIDS and reproductive health [14] which since 2004 has been a major PEPFAR implementer. In March of 2012, RHSP introduced the PIMA POC CD4 platform into the clinical program to expedite assessment of ART eligibility and monitoring of care. This evaluation consists of POC testing done until May 2012 among HIV-infected patients who were both ART naïve (pre-ART) and ART experienced persons. No informed consent was required as data was originally collected for clinical purposes and was analyzed anonymously.
The study was approved by institutional review boards at the Uganda Virus Research Institute's Safety and Ethics Committee, the Uganda National Council for Science and Technology, and Johns Hopkins University, School of Medicine.
POC CD4 Testing
POC CD4 testing was performed with the PIMA CD4 analyzer. All testing followed manufacturer's instructions and involved use of four PIMA machines. The machines were located at a testing area next to the clinics and the venous samples were collected by the nursing team. Briefly, prior to daily testing, normal and low controls were run on the PIMA analyzer. Test cartridges were inspected for expiry dates, assembled, and participant identifiers entered [9, 15] . All testing was carried out by qualified laboratory technicians who had received training in PIMA usage. A result print out was available via an external PIMA printer for clinical review. At the end of each day, an electronic record of all tests identifiers and results was extracted from the PIMA and entered into a clinical cohort database. PIMA testing was conducted on venous blood collected in a sterile 4 mL EDTA tube and inverted 8-10 times. All samples analyzed on PIMA were stored at ambient temperature (18-25uC) and run within 8 hours of collection. The tube was further inverted 10-15 times to ensure adequate sample mixing prior to volumetric pipette transfer to fill the sample collector of the PIMA CD4 test cartridge. The remaining blood was stored in cool boxes and dispatched to the laboratory for flow cytometry.
FACSCalibur Testing
CD4 flow cytometry was performed using FACSCalibur (Becton Dickinson, San Jose, California, USA). CD4 estimation was done per manufacturer's instructions by trained laboratory technicians. The FACSCaliburs are regularly serviced and run external quality proficiency samples from UKNEQAS leukocyte immunophenotyping and College of American Pathologists (CAP). Samples were kept at ambient temperature (20-25uC) and run on FACSCalibur within 24 hours of blood collection. Daily instrument calibration was done using calibrate beads to adjust settings, set fluorescence compensation and ensure instrument sensitivity. Sample preparation was done by adding 20 uL of Tritest CD3, 4, 45 antibodies to a patient labeled truecount tube and 50 uL of whole blood prior to 15 minutes dark room incubation after which samples were loaded and analyzed. Work lists were generated, saved and results examined with manual gating done to fine adjust the CD4population before review by the laboratory manager. Data was exported and merged with the clinical cohort database.
Statistical Methods
Descriptive statistics were used to summarize patient characteristics. Accuracy of CD4 results (FACSCalibur versus PIMA) were compared using the Bland-Altman Method which assesses bias as measured by the average difference and calculated 95% limits of agreement (LOA) of all the paired measurements [16] . Paired t tests were done to compare differences in means. Two by two tables were constructed to assess the diagnostic accuracy at CD4 thresholds of ,350 and ,500 cells/uL thresholds. The ,350 threshold is the current Ugandan criteria for ART initiation and the 500 threshold is the new WHO recommended criteria for initiation of ART. All data were analyzed with STATA 12.1 software (College Station, Texas, USA).
Results
A total of 903 HIV-positive patients contributed data for this evaluation and 258 (28.5%) were on ART (Table 1) . Scatter plots showed high correlation (r = 0.943, p,0.001) between PIMA and FACSCalibur estimates (Figure 1) .
Paired PIMA and FACSCalibur results were compared using Bland-Altman analysis (Fig. 2) . The mean bias for the PIMA testing was 234.6 cells/ml (95% LOA: 2219.8 to 150.6. Table 2 ). The overall mean CD4 count with PIMA was significantly lower than with FACSCalibur (p,0.0001), primarily due to underesti- Table 3 ). The PIMA sensitivity was 88.6% (95% CI 84.8-92.4%) and specificity was 87.5% (95% CI 84.9-90.1%).
We assessed the mean CD4 counts among patients who would be inaccurately classified as ART ineligible (i.e., false negative PIMA CD4 estimates) to better understand the likelihood of being found to be ART eligible at a subsequent test (Table 4) . Samples misclassified by PIMA as above this level (350 cells/uL), had a PIMA mean CD4 count of 401 cells/uL which was significantly higher than the 350 cells/uL cut off (p,0.001). Similarly, samples misclassified by PIMA as false positive had a mean count of 307 cells/uL which was again significantly lower than the threshold of 350 cell/uL (p,0.001).
Increasing the threshold 500 cells/uL significantly increased the PIMA sensitivity to 96.1% and PPV to 88.3%. However, specificity and NPV declined though not significantly (Tables 5  and 6 ). The PIMA mean CD4 count (566.2 cells/uL) of samples misclassified as negative (n = 20) was significantly higher than the cutoff of 500 cells/uL (p = 0.0001). Similarly, sample misclassified by PIMA as positive had an average PIMA CD4 count of 425 cells/ml which was significantly lower than the threshold of 500 cells/ml (p,0.0001, Table 7 ). At thresholds of 350 and 500, PIMA validity was higher in patients not on ART compared to patients on ART, though the differences were not statistically significant (results not shown).
Discussion
Delays in CD4 testing for assessment of ART eligibility is a significant impediment to ART rollout in LMIC. By reducing delays, POC technologies for CD4 estimation could help linkage into HIV care. We found that PIMA measurements compared to FACSCalibur produced negatively biased CD4 estimates which were more pronounced at CD4 counts .350 cells/ml. In our rural field setting, PIMA POC CD4 using venous blood demonstrated lower sensitivity at identifying persons eligible for ART at a CD4 count of 350 cells/ml. For the 11.4% of patients testing not eligible for ART by PIMA but eligible by FACSCalibur (i.e., false negatives), the mean PIMA estimates were significantly greater than 350 cells/uL, suggesting this patient population would likely benefit from early repeat testing. This finding is similar to a Kenyan study [17] . At a CD4 cutoff of 500 cells/uL, PIMA sensitivity increased significantly and this may support use of this technology when treatment guidelines recommend ART initiation at 500 cells/uL. Other field based studies are however necessary to establish the consistency of this finding.
POC CD4 testing with PIMA enables same day, on site immunological assessment of HIV positive clients due to its portability, printer options, limited blood volume requirements, and ease of use that eliminates initial blood processing and reagent preparation. In our setting, with a 20 minute turnaround time for each sample, busy clinics required two to four PIMA instruments and an additional technician to complete patient testing on any given day. This adds to cost in resource limited settings. A drawback identified by previous studies include inability of PIMA to predict CD4% for evaluations in children aged 2-6 years [12] . Our results showed increasing dispersion with CD4 counts .350 cells/uL which may reflect a proportional bias with increasing CD4 counts. It is noteworthy that in our study setting, the machines were moved to the testing site from the central laboratory everyday and this may have affected sensitivity and specificity for venous testing compared to a field evaluation in India [18] . The study in India was a multi-center study and each center had a PIMA instrument and a reference standard machine on site. In spite of this possibility, it is not known what an acceptable limit of misclassification should be and may well vary from program to program [12] .
Limitations to this study include the fact that several technicians participated and there are possible inter-observer variations in machine handling. We also did not assess finger prick testing sampling in our study which may by an attractive option for some programs. Finally, our study was conducted at a single institution and results may not be generalizable to other settings.
Given the scarcity of FACSCalibur testing in many LMIC, POC technologies could facilitate screening for ART eligibility, but continued validation of POC CD4 platforms will be needed with scale-up in diverse situations. 
